Circadian rhythms in mammals are driven by a feedback loop in which the transcription factor Clock-Bmal1 activates expression of Per and Cry proteins, which together form a large nuclear complex (Per complex) that represses Clock-Bmal1 activity. We found that mouse Clock-Bmal1 recruits the Ddb1-Cullin-4 ubiquitin ligase to Per (Per1 and Per2), Cry (Cry1 and Cry2) and other circadian target genes. Histone H2B monoubiquitination at Per genes was rhythmic and depended on Bmal1, Ddb1 and Cullin-4a. Depletion of Ddb1-Cullin-4a or an independent decrease in H2B monoubiquitination caused defective circadian feedback and decreased the association of the Per complex with DNA-bound Clock-Bmal1. Clock-Bmal1 thus covalently marks Per genes for subsequent recruitment of the Per complex. Our results reveal a chromatin-mediated signal from the positive to the negative limb of the clock that provides a licensing mechanism for circadian feedback.
Circadian clocks are endogenous oscillactors with a period close to 24 h. In mammals, circadian clocks are found in most, if not all, tissues 1, 2 . These distributed clocks locally regulate diverse cellular processes [3] [4] [5] and collectively generate coherent daily rhythms of physiology, metabolism and behavior [6] [7] [8] [9] [10] .
The mammalian clock is built on a conserved negative feedback loop that operates as a cell-autonomous molecular oscillator 1, 2 . At the core of the clock is the heterodimeric transcription factor ClockBmal1 (in which Bmal1 is also known as Arntl or Mop3), which acts as a positive element of the feedback loop by driving transcription of Period-encoding (Per) and Cryptochrome-encoding (Cry) genes from its E-box DNA-binding sites 11 . The three Per and two Cry proteins, acting as negative elements, enter the nucleus and assemble into one or more protein complexes (Per complexes) of >1 mDa (ref. 12) , which include 25-30 proteins 13, 14 . The Per and Cry proteins of the complex interact with Clock-Bmal1, thus leading to suppression of ClockBmal1 transcriptional activity [15] [16] [17] . Regulated degradation of Per and Cry proteins [18] [19] [20] is followed by reactivation 21 of Clock-Bmal1 and the consequent initiation of a new 24-h transcriptional cycle. Clock function is further supported by additional negative regulators of Clock-Bmal1 (refs. [22] [23] [24] , a coupled transcriptional loop involving nuclear receptors 25, 26 , and post-transcriptional processes 27, 28 .
Recent studies have indicated that two fundamental properties of the Per complex are essential to its role in circadian negative feedback. First, upon assembly in the nucleus, the Per complex incorporates preexisting, widely acting transcriptional-repressor complexes that serve as its effectors. This cargo includes chromatin-modifying and nucleosome-remodeling machinery that inhibits transcriptional initiation-such as the Sin3 histone deacetylase complex 29 , the Hp1γ-Suv39h histone methyltransferase 30 and the nucleosome remodeling and deacetylase (NuRD) complex 14 -and additionally includes factors that inhibit transcriptional termination 13 , thus indirectly suppressing initiation. Second, the Per complex directly interacts with DNA-bound Clock-Bmal1, thereby delivering the cargo of multiple repressors to chromatin at regulatory regions of Per genes and other circadian target genes 13, 14, 29, 30 . The stable association of the Per complex with Clock-Bmal1 at its E box-binding sites thus results in the targeted suppression of Clock-Bmal1-dependent transcription, a defining feature of the oscillatory mechanism and of rhythmic control of transcriptional outputs. Our recent work has indicated that the specificity of circadian-clock negative feedback at Per genes does not rely solely on the physical interaction of the Per complex with Clock-Bmal1. One transcriptional effector of the Per complex, the NuRD complex, is initially divided between the Clock-Bmal1 activator and the nascent Per complex; it is reconstituted as an active repressor only if the Per complex successfully targets DNA-bound Clock-Bmal1 (ref. 14). Thus at least part of the circadian negative feedback action of the Per complex is target dependent.
Compared with that of circadian negative feedback, the present understanding of the positive limb of the clock is fragmentary and lacks a comparable conceptual framework. During the circadian activation phase, Clock-Bmal1 has been shown to work with a number of different factors acting as transcriptional coactivators, including Cbp (p300) 31 , Mll1 (ref. 32), Jarid1a 33 and Trap150 (ref. 21) . It is not known whether these factors operate within a single complex to coactivate Clock-Bmal1 or whether they work independently in different complexes or even in different cell types.
With the ultimate goal of obtaining a clearer picture of Clock-Bmal1 function during the circadian activation phase, we initiated pilot experiments to optimize label-free quantitative mass spectrometry A r t i c l e s Wdr76 and Ddb1 specifically coimmunoprecipitated with Clock (Fig. 1b) , and in wild-type mice Ddb1 specifically coimmunoprecipitated with Bmal1 ( Supplementary Fig. 2a) ; together, the results indicate that Ddb1 associates with the Clock-Bmal1 heterodimer by a direct or indirect interaction with Clock. We obtained similar results with lung nuclear extracts (Supplementary Fig. 2b) , results suggesting that Wdr76 and Ddb1 are common or universal constituents of Clock-Bmal1 complexes. Although Ddb1 showed a constitutive steady-state abundance across the circadian cycle, its association with Clock-Bmal1 showed a circadian rhythm that peaked early in the circadian transcriptional activation phase, at approximately CT0-4 (Fig. 1c) .
To determine whether the Ddb1-Cul4 ubiquitin ligase is associated with DNA-bound Clock-Bmal1, we performed chromatin immunoprecipitation (ChIP) assays on chromatin from mouse livers obtained at CT6. We found that Ddb1 and Cul4 associated with E-box sites of the Per1 and Per2 genes and that this association was dependent on Bmal1 (Fig. 2a,b) . ChIP assays performed on samples from across the circadian cycle showed that Ddb1 exhibits a circadian rhythm at Per1 and Per2 E-box sites (Fig. 2c) , peak occupancy around the time of maximal Clock-Bmal1-Ddb1 interaction and an overall temporal profile similar to that of the E-box binding cycle of Clock and Bmal1 (refs. 21,27,28) . Together, these results indicate that Clock-Bmal1 interacts with the Ddb1-Cul4 ubiquitin ligase and recruits it to E-box sites of the Per1 and Per2 genes.
In addition, we obtained livers at CT6 from wild type and Bmal1 −/− mutants, prepared chromatin and performed ChIP with massively parallel DNA sequencing (ChIP-seq) experiments to determine whether Ddb1 is commonly co-recruited to Clock-Bmal1-binding sites and to other transcriptional activator-binding sites throughout the genome. To identify secure Clock-Bmal1-binding sites for the analysis, we required that our top sites for Clock and Bmal1 occupancy agree with those from two other mouse-liver ChIP-seq studies of Clock-Bmal1-binding sites 27, 28 and, additionally, that the signals be lost in our Bmal1 −/− data set (Online Methods). This procedure generated a set of 78 validated Clock-Bmal1 sites common to three laboratories (Supplementary Table 2) , of which 89% included a methods 34 for the characterization of Bmal1 protein complexes from mouse tissues. A clue from these early pilot experiments ultimately led to the finding that the Clock-Bmal1 complex monoubiquitinates histones at Per-gene E-box sites during the circadian activation phase and that this modification is crucial not for transcriptional activation but for the subsequent binding and therefore the negative feedback action of the Per complex. The results thus revealed an unanticipated mechanism for fidelity of circadian negative feedback.
RESULTS

Clock-Bmal1 recruits Ddb1-Cul4 to circadian E-box sites
To investigate the positive limb of the circadian feedback loop, we isolated Clock-Bmal1 nuclear complexes by E-box oligonucleotide affinity purification (Supplementary Fig. 1 ) from mouse livers harvested at circadian time 6 h (CT6), the approximate peak of ClockBmal1 binding to E-box sites 21, 27, 28 during the circadian activation phase. Although the pilot purification experiments were performed on a small scale and were not intended to be comprehensive, analysis by quantitative, label-free mass spectrometry 34 identified Clock, Bmal1 and the adaptor protein WD repeat-containing protein 76 (Wdr76) as statistically significant and specific components of an E box-binding Clock-Bmal1 complex ( Fig. 1a and Supplementary Table 1 ). Wdr76 is known to associate with the highly conserved DNA damage binding protein 1 (Ddb1)-Cullin-4 (Cul4) E3 ubiquitin ligase 35 , which has important roles in the DNA-damage response 35, 36 , targeted protein degradation 37 and histone monoubiquitination 36 . The hint that this E3 ubiquitin ligase might be in a complex with Clock-Bmal1 seemed worth exploring because of prior work indicating connections between this pathway and the clock: Ddb1-Cul4 has been implicated in light-dependent turnover of Cry in the Drosophila circadian system 38 , Ddb1 was among positives in a large-scale mammalian circadian RNA-interference screen 39 , and both Ddb1 and Cul4 have been linked in a general way to mammalian Bmal1 and Clock function in an analysis of a circadian protein interaction network 40 .
We therefore immunoprecipitated Clock from liver nuclear extracts (CT6) obtained from wild type or Bmal1 −/− (Arntl −/− ) mutant mice and probed for coimmunoprecipitating proteins. In both genotypes,
IgG-HC 54 showing results of a modified t-test analysis of label-free mass spectrometry data comparing E-box and control oligonucleotide affinity purification from livers of wild-type and Bmal1 −/− mice (schematic in Supplementary Fig. 1 ). Open gray rectangles represent proteins detected; closed purple circles with accompanying names represent proteins significantly associated with the E-box sequence (false discovery rate <0.05, one-tailed t test of E box versus mutated E box, n = 5 biological replicates); and the gray oval encompasses the three proteins significantly dependent on both the E-box sequence and the presence of Bmal1 (false discovery rate <0.05, one-tailed t test of wild type versus Bmal1 −/− , n = 5 mice each). (b) Immunoblots of liver nuclear extract (CT6) from wild-type or Bmal1 −/− mice (input) and immunoprecipitates (IP) from the extract (antibodies at top) probed with the antibodies indicated at right. Mitogen-activated protein kinase kinase kinase-4 (Map3K4) is a negative control, and IgG-heavy chain (HC) is a positive control for immunoprecipitation (additional data in Supplementary  Fig. 2 ). (c) Immunoblots of mouse-liver nuclear extracts obtained across a circadian cycle (input) and Clock immunoprecipitates from the extracts probed with the antibodies indicated at right. U2af65 (65-kDa subunit of U2 small nuclear ribonucleoprotein particle auxiliary factor), negative control; IgG-HC, positive control. Uncropped images are shown in Supplementary Data Set 1.
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A r t i c l e s canonical E box. We found that 46 of these sites were positive for Ddb1 occupancy (examples in Fig. 3a-c ), but this is probably an underestimate because the criteria for occupancy were restrictive. For comparison, we monitored Ddb1 occupancy at sites for CREB-binding protein (Cbp), a general coactivator that marks the binding sites of many transcriptional activators. At 85 Cbp sites in mouse liver 28 that were not also Clock-Bmal1 sites (Online Methods and Supplementary Table 3), we found that only three were positive for Ddb1; the difference in Ddb1 association between Clock-Bmal1 sites and Cbp sites was highly significant (Fig. 3d) . Ddb1 recruitment is thus a common feature of Clock-Bmal1 action across the genome but appears to be uncommon among other transcriptional activators.
Unexpected role of Ddb1-Cul4 in circadian negative feedback
Because of its recruitment to Per genes, we examined a possible role for Ddb1-Cul4 in the core clock mechanism by introducing small interfering RNAs (siRNAs) to deplete Ddb1, Cul4a or Bmal1 from cultured Bli 23 circadian-reporter fibroblasts (Fig. 4a) . We then monitored real-time circadian rhythms of bioluminescence and the steady-state precursor mRNA (pre-mRNA) level, a close correlate of transcription rate, of several Clock-Bmal1 circadian target genes and arbitrary control genes. Depletion of either Ddb1 or Cul4a produced the same phenotype, a significant shortening of circadian period length (Fig. 4a,b) , as previously noted 40 . In both cases, the short-period phenotype was accompanied by a substantial and specific increase in the transcription of Clock-Bmal1 target genes (Fig. 4c) . In each case, the phenotype was reproduced by at least one additional nonoverlapping siRNA. Thus Ddb1 and Cul4a are important factors in the transcriptional operation of the clock. Depletion of Ddb1 had no detectable effect on the steady-state levels of Clock, Bmal1 or Cry1 (Fig. 4d) , thus indicating that the period length and transcriptional phenotypes are unlikely to reflect a role for Ddb1-Cul4 in the turnover of the clock proteins. Depletion of the adaptor protein Wdr76 produced a marked decrease in the steady-state level of Clock and a corresponding long-period 39,41 circadian phenotype ( Supplementary Fig. 3) ; the requirement of Wdr76 for Clock protein stability or expression thus precluded a detailed analysis of its likely role in the recruitment of Ddb1-Cul4. In contrast to depletion of Ddb1 or Cul4a, depletion of Bmal1 produced the expected 39,41 long-period, low-amplitude circadian phenotype (Fig. 4a) and a marked decrease in Clock-Bmal1 targetgene transcription (Fig. 4c) . Even though Ddb1-Cul4 is recruited by Clock-Bmal1 to E-box sites during the transcriptional activation phase, the dual phenotype of shortened period length and increased target-gene transcription is typical not of a Clock-Bmal1 coactivator but rather of a factor important for circadian negative feedback repression 13, 29, 30 . These results indicate that Ddb1-Cul4 unexpectedly somehow acts as a negative regulator of Clock-Bmal1 activity.
The phenotypes are consistent with a role in promoting the negative feedback action of the Per complex.
Ddb1-Cul4 promotes H2B monoubiquitination at E-box sites
Because a role in regulated Clock-Bmal1 turnover seemed unlikely, we next examined whether the recruitment of a Ddb1-Cul4 complex by Clock-Bmal1 to Per E-box sites promotes local monoubiquitination of histones, which are known monoubiquitination substrates for Ddb1-Cul4 in vitro 36 . In ChIP assays with available antibodies, we detected specific signals at Per-gene E-box sites for monoubiquitinated H2B (at Lys120; H2B-Ub) but none for monoubiquitinated H2A, results suggesting that the antibody to the latter is problematic in ChIP. To determine whether the local H2B-Ub depended upon functional Clock-Bmal1 complexes (as does recruitment of Ddb1-Cul4 to the sites, Fig. 2a) , we compared H2B and H2B-Ub at the Per E-box sites in chromatin from livers of wild type and Bmal1 −/− mutant mice. We found that total H2B at Per1 and Per2 E-box sites A r t i c l e s (CT6) was comparable in wild-type and Bmal1 −/− mice, but H2B-Ub was substantially decreased at both sites in the Bmal1 −/− mutants (Fig. 5a) . In wild-type mice, H2B-Ub at E-box sites of both Per1 and Per2 showed a circadian oscillation (Fig. 5b) , peaking in the activation phase shortly after the peak of the interaction of Ddb1 with Clock-Bmal1 and its association with the E box (as shown in Figs.  1 and 2) . We found a similar circadian oscillation of H2B-Ub at an E-box site of the Dbp gene ( Supplementary Fig. 4) , a well-known circadian target of Clock-Bmal1 (ref. 42) .
Similarly to the finding in Bmal1 −/− mice, depletion of Ddb1 or Cul4a from unsynchronized mouse fibroblasts caused a decrease in mean levels of H2B-Ub at Per1 and Per2 E-box sites, but it had no detectable effect on H2B-Ub at the promoter of an irrelevant control gene (Fig. 5c) . Depletion of Ddb1 had little evident effect on H2B-Ub at arbitrary sites within the body of the Per1 gene compared with the Per1 E-box site (Fig. 5d) . Together these results indicate that the recruitment of Ddb1-Cul4 by Clock-Bmal1 to Per1 and Per2 E-box sites promotes local monoubiquitination of H2B (and possibly other histones). The residual H2B-Ub observed in the absence of Bmal1 or after depletion of Ddb1-Cul4 suggests that other factors, such as global histone ubiquitin ligases 43, 44 , generate a baseline level of H2B-Ub at the sites. The circadian rhythm of H2B-Ub at E-box sites implies the action of at least one opposing histone deubiquitinase.
Effects of independent decrease of H2B-Ub mimic loss of Ddb1-Cul4a
Is the histone-monoubiquitination activity of Ddb1-Cul4 that is associated with Clock-Bmal1 the basis for the circadian phenotypes of Ddb1 and Cul4a, or do the phenotypes reflect some other function of Ddb1-Cul4? To answer this question, we used depletion of Rnf20, a global E3 ligase for H2B monoubiquitination 43, 44 , to independently decrease H2B-Ub at E-box sites (as well as other sites). Rnf20 is unrelated to Ddb1-Cul4, is specific for H2B 44 (as opposed to other histones) and it is not implicated in circadian-clock function. As would be expected, we found no detectable interaction between Relative pre-mRNA level
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Control genes Circadian genes (Supplementary Fig. 2a) , nor did we detect stable recruitment of Rnf20 to Per-gene E-box sites (Supplementary Fig. 4b ).
As expected from its global action, depletion of Rnf20 from circadian-reporter fibroblasts (Fig. 6a) decreased total H2B-Ub (Fig. 6b) , whereas depletion of Ddb1 had no detectable effect on total H2B-Ub (Fig. 6b) , as previously noted 36 . Depletion of Rnf20 substantially decreased H2B-Ub at Per1 and Per2 E-box sites; it also decreased H2B-Ub at sites within the Per1 gene (Fig. 6c) , as expected from its global action.
If the circadian phenotypes of Ddb1 and Cul4a reflect their targeted H2B monoubiquitination activity, rather than some other function, then depletion of Rnf20 should produce the same circadian phenotypes because loss of Rnf20 decreases H2B-Ub at E-box sites, even though Rnf20 is not part of the Ddb1-Cul4 pathway and has no apparent link to the clock mechanism. As with Ddb1 and Cul4, depletion of Rnf20 caused a significant shortening of circadian period length (Fig. 6d,e) , and it produced a robust increase in Clock-Bmal1 targetgene transcription without detectably affecting the transcription of irrelevant control genes (Fig. 6f) . Thus, the effects of independent decrease of H2B-Ub closely mimicked the dual circadian phenotypes, a result indicating that H2B monoubiquitination, and not the ubiquitination of other protein substrates or even other histones, is the activity of Ddb1-Cul4 that is relevant for its function in the clock.
H2B-Ub promotes binding of the Per complex at Per E-box sites
How might Clock-Bmal1-dependent histone monoubiquitination during the activation phase promote repression of Clock-Bmal1 activity? One possible explanation for this finding is that histone monoubiquitination by the Clock-Bmal1 complex is important for the subsequent interaction of the Per complex with Clock-Bmal1 and adjacent chromatin. To test this hypothesis, we depleted Ddb1 from unsynchronized fibroblasts and performed ChIP assays to monitor the mean binding of Clock-Bmal1 to Per-gene E-box sites and the association of the Per complex with Clock-Bmal1 at those sites. Depletion of Ddb1 produced a substantial increase in the binding of Clock and Bmal1 to Per1 (Fig. 7a) and Per2 (Supplementary Fig. 5a ) E-box sites; we observed the same results after depletion of Rnf20 ( Fig. 7b and Supplementary  Fig. 5b ). Despite the large increase in Clock-Bmal1 occupancy, depletion of Ddb1 also caused a marked decrease in the Per complex associated with Clock-Bmal1 (as monitored by core proteins Per2 and Cry1 and effector protein Hdac1) at Per1 and Per2 E-box sites ( Fig. 7c and Supplementary Fig. 5c, respectively) . We observed a similar large decrease in the Per complex associated with Clock-Bmal1 at the E-box sites after depletion of Rnf20 (Fig. 7d and Supplementary  Fig. 5d ), thus indicating that it is the histone-monoubiquitination activity of Ddb1-Cul4, and not some other function, that promotes the stable association of the Per complex with E box-bound Clock-Bmal1. These results indicate that the Clock-Bmal1 complex, by virtue of its constituent Ddb1-Cul4 histone ubiquitin ligase, covalently modifies the chromatin of Per genes, thus decreasing its own affinity for the E-box site and promoting the stable binding and therefore the negative feedback action of the Per complex.
DISCUSSION
The results described here reveal that Clock-Bmal1 marks Per genes for subsequent feedback repression. The findings provide an example of active communication from the positive to the negative limb of the clock and also suggest a mechanism for fidelity of circadianclock transcriptional feedback that is different from the one that we previously described 14 . Our work supports a model in which the DNA-bound Clock-Bmal1 complex includes the Ddb1-Cul4 ubiquitin ligase, which monoubiquitinates H2B and possibly other histones on neighboring nucleosomes. This enzymatic action is crucial for the subsequent stable interaction of the Per complex with DNA-bound ClockBmal1 at Per genes. We postulate that this accumulation of H2B-Ub at Per E-box sites creates a chromatin structure favoring a stable interaction of the Per complex with both DNA-bound Clock-Bmal1 and adjacent chromatin; nonspecific effector proteins in the Per complex can then modify the chromatin so as to repress transcription 29, 30 (Fig. 8) . The negative feedback action of the Per complex at Per genes thus requires molecular recognition of two independent signals at the same site, a specific protein-interaction interface on DNA-bound Clock-Bmal1 and a high level of H2B-Ub on adjacent chromatin. This 'coincidence detection' feature of the feedback loop probably acts as a safeguard, licensing Per genes for negative feedback action. Our evidence that recruitment of Ddb1 to E-box sites is a common feature of Clock-Bmal1 action suggests that the dual signal requirement might also operate outside the core feedback loop, perhaps restricting the opportunities for off-target repression of noncircadian genes by the Per complex-as our data show, other transcriptional activators are unlikely to recruit Ddb1-Cul4, and nontarget sites with high H2B monoubiquitination would lack bound Clock-Bmal1.
Unlike other histone post-translational modifications, such as acetylation, phosphorylation or methylation, monoubiquitination of H2B introduces a moiety nearly as large as the histone itself, changing the physical properties of chromatin and altering transcription, nucleosome dynamics and chromatin compaction 45, 46 . Studies manipulating global H2B E3 ubiquitin ligases, such as Rnf20 and Rnf40, have shown that H2B-Ub can be associated with either transcriptional activation or repression, depending on the specific gene or the location of H2B-Ub in relation to gene structure 46 . In addition to the Several hours later, when the Per complex is assembled at the onset of the circadian repression phase, the local H2B-Ub-dependent chromatin conformation promotes stable association of the Per complex with DNA-bound Clock-Bmal1 and adjacent chromatin, which it modifies to repress transcription. Local H2B-Ub also promotes Clock-Bmal1 dissociation from the E-box site (dashed arrow), either directly or as a consequence of its facilitation of Per-complex binding and action.
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A r t i c l e s global factors, several E3 ubiquitin ligases that are likely to be regulators have been linked to H2B monoubiquitination, including Brca1 (ref. 47 ) and Mdm2 (ref. 48) . At least some of the transcriptional effects of H2B monoubiquitination are thought to result from trans-histone cross-talk between H2B-Ub and histone H3 methylation or other histone marks, although a consensus has not yet emerged regarding the underlying mechanisms 45, 46, 49 . Accumulating evidence has also suggested that at least some of the transcriptional effects of H2B monoubiquitination result not from direct physical effects on chromatin structure, as initially conceived, but rather from the recruitment of specific H2B-Ub 'reader' proteins that regulate transcription 46 .
Our findings suggest that at least one component of the Per complex acts as a specific H2B-Ub reader, recognizing either H2B-Ub itself or some feature of an altered chromatin conformation resulting from the presence of H2B-Ub. We suggest that, in contrast to the H2B-Ub reader proteins identified in a recent affinity screen 50 , the Per complex may act as a weak H2B-Ub reader, with an affinity inadequate for stable interaction with H2B-Ub-enriched chromatin without additional binding energy from an interaction with DNA-bound Clock-Bmal1.
H2B-Ub appears to act in the mammalian circadian clock as a selective, dynamically regulated signal for specificity superimposed on a baseline of globally regulated H2B-Ub. Ddb1 and Cul4, components of the relevant E3 ubiquitin ligase, as well as H2B-Ub itself, are highly conserved and are present in animals 43 , yeast 51 and plants 52 . A recent study in Arabidopsis has found that genetic disruption of H2B monoubiquitination most severely affects the transcription of dynamically regulated loci, including light-induced genes and cyclically transcribed circadian-clock genes 53 . H2B monoubiquitination thus appears to be a genomic regulatory mechanism with an ancient connection to the dynamic regulation of transcription.
METHODS
Methods and any associated references are available in the online version of the paper. 
